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GEOLOGIC FRAMEWORK, PETROLEUM POTENTIAL, PETROLEUM-RESOURCE ESTIMATES,
MINERAL AND GEOTHERMAL RESOURCES, GEOLOGIC HAZARDS, AND DEEP-WATER
DRILLING TECHNOLOGY OF THE MARITIME BOUNDARY REGION IN THE
GULF OF MEXICO

Summary

This report presents the detailed findings of a study by the U.S.
Geological Survey on the oil and gas potential of a designated assessment area
in the Gulf of Mexico (fig. 1). Information available on this region is
sufficient for us to gain an understanding of its oil and gas resource
potential. The principal conclusions from analysis of these data are:

1. Favorable geological conditions exist for the occurrence of crude oil
and natural gas resources in the designated area of study;

2. Estimates of undiscovered in-place resources range from 2.24 billion
to 21.99 billion barrels of oil (BBO) and from 5.48 trillion
to 44.40 trillion cubic feet (TCF) of gas;

3. Exploration and exploitation of these deep-water estimated resources
are expected to become feasible in the future.

The designated study area is divided into six individual assessment areas
on the basis of their geologic characteristics. The total designated area of
assessment comprises approximately 58,940 mi?2 (152,660 kmz) and contains a
total measurable sediment volume of 188,140 mi3 (784,170 km3). Water depths
in the study area range from a minimum of 98 ft (30 m) on the continental
shelf off the Rio Grande, to a maximum of about 12,270 ft (3,740 m) in the
deep abyssal plain of the west—central Gulf; more than 75 percent of the study

area lies in water depths exceeding 10,000 ft (3,049 m).
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The study focused on factors critical to the generation, migration and
entrapment of hydrocarbons, such as: structural and stratigraphic traps,
source beds and thermal maturation, reservoir rocks and seals, and timing of
hydrocarbon migration relative to formation of traps.

The oil and gas potential of the six assessment areas in the Maritime
Boundary region of the Gulf of Mexico was analyzed by using all publicly
available geophysical data recorded in the region, supplemented by a limited
amount of geological data obtained from drilling within and adjacent to the
area of study. Geophysical data included approximately 8,350 nautical miles
(nmi) (15,448 km) of seismic~reflection profiles ranging from shallow-
penetration recordings to deep-penetration, common-depth-point (CDP)
multichannel profiles. Geological information relative to lithology and
stratigraphic age of the upper few thousands of feet of strata were derived 1)
from two Deep Sea Drilling Project (DSDP) sites in the study area, 2) from 10
shallow industry drill holes within the perimeter of the area of
investigation, 3) from projections from as many as 10 deep stratigraphic tests
drilled adjacent to the study area, and 4) from many bottom core samples
collected by academic institutions at widespread localities in the deep-water
areas of the Gulf of Mexico.

Evaluation of the petroleum potential and estimates of petroleum
resources are related only to undiscovered in-place crude oil and natural gas,
not recoverable amounts. We do not speculate on what part of the estimated
in-place resources in the six assessment areas might be ultimately recoverable
because not enough is known at present about petroleum-reservoir properties,

economics, and the technology needed to develop these deep-water areas.



Geologic hazards that may affect drilling, production, and pipeline
transportation in the study area include soil movements, active faults,
shallow high-pressure gas accumulations, and possibly earthquakes. The risks
presented by these hazards, except earthquakes, are fairly well documented
from the experience of more than three decades of drilling operations on the
Continental Shelf off Texas and Louisiana. The magnitude and probability of
hazard risk in the assessment areas cannot be inferred or predicted at this
time.

At present, only a small part of one assessment area, which is in
relatively shallow water, could be exploited by use of current drilling and
production technology. For the remainder of the study area, however,
exploration and production technology is not presently available to exploit
any of the estimated petroleum resources in deep water. We expect that by the
year 2000, the methods and equipment required for drilling and producing in

water as deep as 10,000 ft (3,049 m) will be available.



INTRODUCTION

By

Richard B. Powers

In the relatively short span of some 30 years, drilling and production of
oil and gas in offshore regions of the United States have progressed from very
shallow waters to deeper water on the Outer Continental Shelf, which extends
from shore to water 656 ft (0 to 200 m) deep. Some fields are presently being
developed in water depths as great as 1,025 ft (312 m), beyond the shelf edge,
in the Gulf of Mexico. Exploration for future sources of hydrocarbons will be
attempted in even deeper water.

Considerable attention has been focused recently by Hedberg (1979, 1980)
on the petroleum potential of the deep-water region in the Gulf of Mexico,
most particularly in the deep abyssal plain (figs. 1, 2), where water depths
reach a maximum of 12,270 ft (3,740 m). In response to this rapidly
increasing interest in deep-water exploration for petroleum, the U.S.
Geological Survey initiated a comprehensive study within a designated region
in the Gulf of Mexico, for the express purpose of defining the existing
geology and assessing the undiscovered in-place resources of this deep-water

region.

Scope of the Study
The study encompasses an area of the Gulf of Mexico where jurisdiction
over natural resources by adjacent coastal countries has not yet been
established. This Maritime Boundary region is the designated area of

investigation of this report (fig. 1).



The need for information on possible energy resources in the deep-water
region of the Gulf of Mexico is evident and is not expected to diminish in the
immediate future. This report, as its title implies, mainly concerns the
petroleum potential and the geology related to its determination, of six
assessment areas in the Maritime Boundary region of the Gulf of Mexico. The
term, '"petroleum potential” includes the evaluation and assessment of
conventional undiscovered in-place oil and gas resources. The main objective
of the work was to bring together as much publicly available information as
possible that would bear on evaluation and assessment of petroleum
resources. Fortunately, there existed a considerable amount of data that
could be assembled to enable us to gain a good understanding of the oil and

gas potential of this broad region.

Topical Discussions

Important main topics in the report that apply directly to oil- and gas-
resource assessment include detailed discussions of the physiography of the
study area, regional geology of the Gulf of Mexico, geology and geophysics of
the six assessment areas, and petroleum geology and evaluation of the
petroleum potential in these same areas. A comprehensive review and an
analysis of the factors identified in these discussions as being significant
to petroleum generation, migration, and entrapment were used in estimating
volumes of undiscovered in-place o0il and gas resources in each of the six
assessment areas. No estimates of hydrocarbon resources in the deep-water
area of the Gulf of Mexico are known to have been published prior to this

present assessment.



Included within the broad scope of this report are topical discussions of
other, non-energy mineral resources and energy resources of a geothermal
origin. An assessment of potential geologic hazards that may affect future
exploration in deep waters is also discussed. The final topic of
investigation explores the technology presently available for offshore
drilling and production and the technology that may be feasible for deeper
water drilling in the near future.

We wish to acknowledge the following members of the U.S. Geological
Survey (USGS) for their assistance in assessing the petroleum potential of the
Gulf of Mexico: Anny Coury, Abdul Khan, Edward Scott, David Cooke, and Roger
Corbeille. We thank Price McDonald and Ray H. Wallace, both also of the USGS,
for their technical contributions. Our special thanks go to Mahlon Ball and
Gordon Dolton for their substantial contribution in many areas of the study,

and for their thoughtful and constructive review of the manuscript.



PHYSTOGRAPHY OF THE GULF OF
MEXICO MARITIME BOUNDARY REGION
By

Ray G. Martin and Richard Q. Foote

Introduction

The Gulf of Mexico Maritime Boundary region covers the seabed of the
central Gulf of Mexico from a point 12 mi (19 km) offshore the mouth of the
Rio Grande in the west to the abyssal Gulf basin between the Florida and
Campeche Escarpments in the east (fig. l1). The area includes parts of the
continental shelf, slope, and rise and the abyssal plain and submarine fan
regions of the northwest and central Gulf of Mexico. Specific physiographic
provinces and features present within the boundary region include the Rio
Grande Shelf and Slope, the Perdido Escarpment, the Texas-Louisiana Slope, the
Sigsbee Escarpment, the Western Gulf Rise, the Sigsbee Plain, the Sigsbee
Knolls, the Campeche Escarpment, and the lower Mississippi Fan (fig. 2). The
study area lies within a perimeter discussed by Hedberg (1979, 1980) and
contains a total of 58,940 mi 2 (152,660 kmz). Water depths within the region
under study range from a minimum of 98 ft (30 m) on the continental shelf off
the southern tip of Texas to a maximum of 12,270 ft (3,740 m) in the abyssal
plain southwest of the Sigsbee Knolls in the west-central Gulf. More than 75
percent of the Maritime Boundary region lies in water depths greater than

10,000 ft (3,049 m).

8 (Page 9 is figure 2)



Regional Physiographic Setting

The Gulf of Mexico is composed of two geomorphic provinces--a continental
margin and a deep seabed or ocean-basin floor (Martin and Bouma, 1978). The
continental margin consists of the emergent coastal plain and the submergent
continental shelf and slope (fig. 3). The continental shelf and slope
together are called the continental terrace.

The continental shelf is the submerged shoulder of the continental
platform and represents the subaqueous extension of the coastal plain from the
coastline to a pronounced increase in sea-floor gradient which generally
occurs in water depths of 328 to 656 ft (100 to 200 m). The surface of the
continental shelf in the western Gulf of Mexico has a gentle dip of less than
1°; the width ranges from about 45 nmi (83 km) at the Rio Grande to more than
120 nmi (222 km) offshore western Louisiana and eastern Texas.

The continental slope is a region of gently to steeply sloping sea floor
that extends from the shelf edge to the upper limit of the continental rise,
or locally to the abyssal plain. The continental slope is usually thought to
end at that point where gradient decreases below a ratio of 1:40. The
continental slope in the northwestern Gulf consists of two parts, the upper
slope (dipping 1-2°) (which is characterized by a hummocky topography) and a
relatively steep lower slope that breaks off abruptly in water depths of 9,184
to 11,152 ft (2,800 to 3,400 m). The median water depth of the base of the
continental slope in the Gulf of Mexico is about 9,184 ft (2,800 m) according

to Emery and Uchupi (1972). The structural grain and topography

10
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of the continental slope are controlled primarily by salt tectonics, and the
hummocky or hilly nature of the slope is due to diapiric salt structures. The
transition from continental shelf to continental slope in the northwest Gulf
of Mexico is significant in terms of potential geologic hazards because of
differences in sea-floor stability.

Commonly, continental terraces contain a thick sequence of young
sedimentary rocks that were deposited in the same terrace enviromment in which
they are now found. Terraces reflect a seaward growth of the continents
(Emery, 1968). Sediment traps, formed by dams created by fault blocks, reefs,
or mud or salt intrusions, play an important part in the accumulation of
sediments on some terraces, such as those in the Gulf of Mexico.

The deep seabed, or ocean-basin floor, includes the continental rise and
abyssal plain provinces. The continental rise is the gently sloping surface
that extends from the toe of the slope to the abyssal plain. Its seaward
boundary is indefinite and is sometimes defined to be where the slope becomes
less than 1:1,000. The continental rise is a depositional feature composed of
sediments that were transported from the continents by bottom currents,
gravitational creep, and turbid flow down submarine canyons. The abyssal
plain is a deep seabed area in water depths generally more than 11,000 ft
(3,354 m). The plain is essentially flat, having a gradient of less than
1:8000, and is the surface of a thick sequence of sediment deposited in a

deep~ocean environment.

12



Physiography of the Boundary Region
The pertinent physiographic subprovinces (fig. 2) within and adjacent to

the study region are described from west to east.

Rio Grande Shelf

The part of the Gulf of Mexico continental shelf within and adjacent to
the westernmost part of the study area is called the Rio Grande Shelf in this
report. The Rio Grande Shelf (fig. 2) is adjacent to southern Texas and
northeastern Mexico and is the surface of a moderately thick accumulation of
deltaic sediments delivered to the area by the Rio Grande during Pleistocene
time (fig. 4). The Rio Grande Shelf occupies a geographic position whech is
transitional between the broad continental shelf off Texas and Louisiana to
the north and the relatively narrow shelf off eastern Mexico to the south.

The seaward bulging of bathymetric contours that mark the outer edge of the
shelf reflects the progradational effect of Pleistocene deposition. The shelf
is 40 nautical miles (74 km) wide, and within the study area, lies in water
depths that range from about 98 ft (30 m) to 328 ft (100 m). The outer edge
of the shelf province is marked by a pronounced steepening of the sea floor

in water depths of 328 to 6536 ft (100 to 200 m). The surface of the shelf
generally is smooth but locally is marked by subdued topographical features
relict from times of glacially lowered sea level and by small fault scarps
that express the relatively mild tectonism caused by gravity that affects this

region.

13
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Rio Grande Slope

The base of the Perdido Escarpment, at 9,184 ft (2,800 m), forms the foot
of the Rio Grande Slope (fig. 2). The average water depth in the Rio Grande
Slope province is about 4,920 ft (1,500 m). The topography of the upper
slope, in water depths ranging from 656 to 3,936 ft (200 to 1,200 m), depicts
a smooth, gently sloping sea floor marked locally by small features of low
relief formed by slumping, faulting, and variations in depositional
patterns. The middle and lower slope region, on the other hand, is marked by
moderately rugged topography consisting of broad, steeply flanked hillocks and
perched basins which surficially express the presence of underlying salt
massifs, and narrow basins and troughs that contain thick sections of clastic
sediment. Along the lower part of the slope, the sea floor grades steeply

basinward to form the face of the Perdido Escarpment.

Texas=Louisiana Slope

The north-central part of the Maritime Boundary region lies within the
Texas-Louisiana Slope (fig. 2). Water depths range from about 6,396 ft
(1,950 m) to about 9,840 ft (3,000 m) along the base of the Sigsbee
Escarpment, which forms the foot of the slope. The sea floor generally is
smooth and has slopes less than 8 percent. Minor irregularities in topography
result from downslope sediment creep, from minor amounts of mass-movement on
steeper slopes, and from erosion by deep marine currents and turbidity flows.

In general, the Texas-Louisiana Slope is a region of complex hillocks,
closed basins, and submarine canyons formed by diapiric intrusion and uplift
as a result of differential sediment loads on thick deposits of salt. The

overall profile of the Texas-Louisiana Slope is steplike, consisting of
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moderate upper and lower slope gradients and a plateau-like middle slope
region. The average gradient of the slope generally is less than 1°, but
slopes in excess of 12° are common on the flanks of numerous hillocks.

The Sigsbee Escarpment forms the foot of the slope from Alaminos Canyon
in the west to the Mississippi Fan (fig. 2). The escarpment is little more
than a minor steepening of sea-floor gradient between the middle slope plateau
and the continental rise. The escarpment is the expression of a complexly
lobate frontal edge of thinly covered sheetlike masses of salt that were

extruded basinward over relatively young strata.

Mississippi Fan

The Mississippi Fan is a broad sedimentary apron that transcends both
bathyal and abyssal water depths and is the result of large accumulations of
sediment transported to the Gulf of Mexico by the ancestral Mississippi River,
mainly since early Pleistocene time. The apex of the fan lies on the upper
continental slope near the Mississippi Delta, from which point it spreads
radially downslope abutting the Florida, Campeche, and Sigsbee Escarpments and
grades almost imperceptibly into the near-horizontal sea floors of the Sigsbee
and Florida Plains to the west and south (fig. 2). The fan is divided into
upper and lower regions on the basis of major changes in sea=-floor gradient
and overall topographic character that occur generally in water depths of
9,184 ft (2,800 m); the eastern one-third of the study area lies within the
lower Mississippi Fan region. The lower fan is a broad area of low gradient,
6 ft/mi, (1.83 m/km) and almost featureless topography. Water depths within
the study area range from about 10,000 ft (3,049 m) to as much as 11,808 ft

(3,600 m), and average approximately 10,988 ft (3,350 m).
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Western Gulf Rise

The continental rise of the central Gulf of Mexico extends basinward from
the bases of the Sigsbee and Perdido Escarpments (fig. 2) into water depths of
approximately 12,000 ft (3,658 m). The rise is a broad expanse of gently
sloping sea floor that separates the continental slope from the abyssal plain
and extends counterclockwise from the western margin of the Mississippi Fan
into the western and southwestern regions of the deep Gulf of Mexico basin.
The rise has a gradient of less than 12 ft/mi (6 m/km) and merges with the
near-horizontal floor of the Sigsbee Plain. The rise is the surface of a
thick wedge of strata that thins and dips basinward from the continental slope
to a gradual merger with relatively thin near-horizontal strata which underlie
the abyssal Gulf floor. Common topographic irregularities on the rise include
depositional aprons at the mouths of submarine canyons along the Sigsbee
Escarpment, linear mounds that express differential sedimentation across the
shallow crests of anticlinal structures east of the Perdido Escarpment, and
numerous broad areas near the base of the slope characterized by moderately

roughened sea floor resulting from mass sediment movement and turbidity scour.

Sigsbee Plain

The Sigsbee Plain is the abyssal floor of the Gulf of Mexico (fig. 2) and
occupies the west-central part of the basin at a maximum depth of 12,270 ft
(3,740 m). The plain is essentially flat having a gradient of less than
1:8000. The surface of the abyssal sea floor is the top of a well-stratified
section of horizontally layered turbidites and interbedded pelagic muds that
range in age from Pliocene to Holocene. These layers onlap and grade into
deposits of the Western Gulf Rise and the Mississippi Fan, and abut the

Campeche Escarpment. The only features that interrupt the smooth topography
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of the plain are the Sigsbee Knolls. The knolls are the surface expressions
of but a few of the large salt diapirs that intrude and uplift many thousands
of feet of abyssal strata along a narrow belt that parallels the southern edge

of the study area northwest of the Campeche Escarpment.

Campeche Escarpment

Near lat 25° N and long 87° 35° W, the southern edge of the Maritime
Boundary region passes across the foot of the Campeche Escarpment (fig. 2),
which outlines the exposed perimeter of the broad Yucatan carbonate
platform. The escarpment is the product of Early Cretaceous reef building and
upward growth of the platform through the slow accumulation of shallow-water
carbonate sediment in pace with regional subsidence. The escarpment is
moderately steep and descends generally through water depths of 3,280 to
10,496 ft (1,000 to 3,200 m)s The face of the escarpment forms a smooth
concave profile which passes beneath abyssal sediments and outlines the
surface of buried carbonate strata that compose the foundation of the Yucatan

platform.
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REGIONAL GEOLOGY OF THE
GULF OF MEXICO
by

Ray G. Martin

Introduction

The Gulf of Mexico is a relatively small ocean basin covering an area of
more than 579,000 mi2 (1.5 million kmz). The basin is almost completely
surrounded by landmasses and opens to the Atlantic Ocean and Caribbean Sea
through two narrow passages, the Straits of Florida and the Yucatan Channel
(fig. 1). The central deep-water region of the Gulf is underlain by dense
oceanic basement rocks (fig. 5), which are depressed substantially below the
levels of equivalent crustal layers in normal ocean basins (Ewing and others,
1960, 1962; Menard, 1967; Martin and Case, 1975). Thinned, moderately dense
basement forms the foundation beneath the continental slopes and large parts
of the continental shelf areas representing a crustal transition between the
thin basaltic basement in the center of the basin and thick granitic type
basement that floors the emergent margins and parts of the continental shelves
(fig. 6; Hales and others, 1970; Worzel and Watkins, 1973; Martin and Case,
1975). 1In contrast to ocean basins, such as the Caribbean Sea basin, whose
margins have been either created or highly modified by convergent plate-
tectonic processes, the Gulf basin appears to have drifted passively with
North America, gaining its present form from a combination of basin rifting,

sedimentary, and intrabasin tectonic processes.
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Origin and Early Evolution

The age and early evolution of the Gulf of Mexico are not well known, but
subsurface geologic information from deep drilling and from outcrop studies in
the peripheral coastal plains and on the continental shelves suggests that the
basin is relatively young. At the close of the Paleozoic era and during the
earliest Mesozoic time (fig. 4), the present Gulf basin appears to have been
an emergent region periodically invaded by shallow epicontinental seas.
During this period, the Earth was beginning to undergo the latest in a cycle
of worldwide tectonic processes that would ultimately lead to the present
distribution of continental landmasses and ocean basins. At one time, early
in the Mesozoic Era, much of North America was part of a supercontinent,
earlier in geologic history having been welded together with South America,
Africa, Antarctica, India, and the European continent. Geologic evidence in
the emergent margins of the Gulf basin suggests that the region began to be
affected by tensional crustal extension during the Triassic as Africa and
South America began to drift southeasterly away from North America. This
early stage of continental pulling apart produced widespread rifting along
eastern North America and into the Gulf region. This episode of rifting
formed complex systems of graben basins, which were quickly filled by sands
and muds in a primarily subaerial environment. Separation of the North
American, South American, and Central American continental plates continued
through the Triassic and Jurassic, establishing by the beginning of the
Cretaceous the basic configuration of the Gulf basin, which has since been

modified principally by sedimentary, rather than tectonic, processes.
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During this extensional phase, the Gulf of Mexico region underwent
remarkable changes both at the surface and within the crustal foundation. The
divergent drift of the continental masses, imperceptibly slow, stretched the
deep crustal layers beneath the basin into thinner and thinner proportions.
During this process, the basement was subject to fracturing and injection of
dense molten rock into the fissures. As this complex process proceeded, the
crust was slowly attenuated by rifting and intrusion with attendant change
from low-density continental basement having a thickness of 15.5~21.7 mi (25-
35 km) to intermediate-density, moderately thick 6.2-9.4 mi (10-15 km)
transitional crust (Ewing and others, 1960, 1962; Hales and others, 1970;
Worzel and Watkins, 1973). Owing both to crustal thinning and complex phase
changes related to pressure and temperature gradients in the deep crust and
upper mantle (Martin and Case, 1975), the Gulf of Mexico region began to
subside and become subject to thick accumulation of sediment from surrounding
landmasses. Initial subsidence due to rifting and crustal attenuation
combined with subsequent sediment load have caused maximum subsidence of about
30,000 ft (9,146 m) since mid-Jurassic time in the central Gulf basin and as
much as 50,000 ft (15,244 m) in major depocenters along the northern Gulf
margin (fig. 6).

In the early stages of the evolution of the Gulf basin, thick deposits of
sands and muds were deposited subaerially in complex graben systems formed by
rifting and divergent drift of continental plates. By mid-Jurassic time and
perhaps earlier, shallow seas began to invade the region periodically. For
long periods of time, these shallow bodies of seawater were restricted from
circulation with open-ocean waters, and large amounts of salt precipitated
across a wide area of the region as the seawaters were evaporated. These

restricted~-circulation conditions prevailed over the northern, central, and
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southwestern Gulf regions into late Jurassic time, producing accumulations of
salt that locally amounted to as much as 10,000 to 15,000 ft (3,049 to

4,573 m) thick before flowage into the numerous pillows, massifs, and diapiric
stocks that today dominate the structural fabric of much of the Gulf basin
(fig. 5)+ Whether these vast deposits of salt accumulated in one broad basin,
subsequently separated during the Late Jurassic by active sea~floor spreading
(Buffler and others, 1980, [in press]; Dickinson and Coney, 1980; Walper,
1980), or whether they were deposited in complex graben systems in essentially
their present geographic positions in the northern and southwestern Gulf
margins and central basin, is unknown. Crustal layers beneath the deep Gulf
floor between the present salt-dome provinces have physical properties similar
to those of oceanic basement formed by sea-floor spreading (fig. 6). Oceanic
crust emplaced between Jurassic salt basins that were rifted apart would imply
a thin section of Mesozoic rocks beneath the Cenozoic fill of the deep Gulf
basin. A relatively thin section of Mesozoic strata above oceanic crust is
shown by refraction data used in the construction of cross sections A-A’ and
B-B’ (fig. 6). On the other hand, thicker deposits of pre-middle Cretaceous
strata are indicated in areas of attenuated continental crust (fig. 6), thus
suggesting the presence of older Mesozoic and possibly Paleozoic strata in

these areas.

Mesozoic and Cenozoic Depositional History
Following the last major cycle of evaporitic deposition early in Late
Jurassic time, the Gulf of Mexico region was flooded by open seas.
Depositional environments quickly changed from evaporitic and continental to
shallow and perhaps locally, deep marine. Terrigenous sands and muds

initially were deposited across the basin, and eventually they were overlain
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by predominantly carbonate accumulations as subsidence slowed and the supply
of terrigeneous clastic material waned. A carbonate depositional regime
prevailed into the Early Cretaceous, during which time, broad carbonate banks
composed of limestones, dolomites, and interbedded anhydrites were constructed
around the periphery of the basin (fig. 7). Carbonate muds accumulated in the
deeper water areas between these broad banks. The seaward edges of these
shallow banks were sites of reef building and detrital carbonate

accumulation. As reef construction and sedimentation kept pace with regional
subsidence, the banks were continually built upward as their foundations

sank. Because only meager amounts of sediment were being supplied to the
deeper regions of the basin at this time, sediment accumulation there was
extremely low in comparison to that on the shallow bank margins. The net
effect was the formation of thick, steeply fronted carbonate platforms around
the periphery of the basin that grade abruptly seaward into a relatively thin
sequence of time-equivalent deep-water strata. The present-day Florida and
Campeche Escarpments in the eastern and southern Gulf for the most part expose
these Early Cretaceous platforms.

In mid-Cretaceous time, a profound increase in the subsidence rate and
sea level affected the carbonate depositional environment throughout the Gulf
region. As the Late Cretaceous seas expanded over the region, shallow-water
carbonate environments transgressed landward from the outer margins of the
banks. Increased subsidence in the Gulf region was accompanied by an increase
in land-derived sediment supply, which quickly overwhelmed carbonate
environments in the northern and western regions of the basin (fig. 7).
Carbonate deposition persisted, however, on the Florida and Yucatan platforms

in the eastern and southern Gulf.
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General uplift of the North American continent during latest Cretaceous
and early Tertiary times was related to the tectonic formation of the Rocky
Mountains in the Western United States and Canada and the Sierra Madre and
Chiapas ranges in Mexico; this general uplift produced voluminous amounts of
clastic sediment that were delivered to the northern, western, and
southwestern Gulf regions (fig. 7) throughout the Tertiary period. These
tectonic events in the southern and western periphery of the Gulf basin
apparently induced erosion that removed substantial amounts of Upper
Cretaceous strata from the rock record. Following this episode, large volumes
of land-derived sands and muds were deposited in successively younger wedges
of offlapping strata as the basin subsided relatively rapidly (fig. 6). The
supply of sediment was generally out of phase with load-induced subsidence so
that multiple transgressions and regressions of depositional environments are
characteristic of the Tertiary sequence in the northern and western Gulf
margins. Sediment supplies during the Tertiary and later in Quaternary time
overwhelmed the general rate of subsidence, causing the margins to be
prograded as much as 240 mi (384 km) from the edges of Cretaceous carbonate
banks around the northern and western rim of the basin to the present position
of the continental slopes off Texas, Louisiana, and eastern Mexico.

Almost without interruption, the voluminous infilling of the Gulf basin
during Tertiary time was followed by sediment influx of similar proportions
due to the profound effects of continental glaciers that advanced and
retreated across North America during the Pleistocene. Sea level rose and
fell in concert with climatic conditions that controlled the retreats and
advances of the glacial sheets. Pleistocene sediments accumulated mainly
along the outer shelf and upper slope regions of the northern margin, and on

the continental slope and deep basin floor in the east-central Gulf where the
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topography expresses the apronlike shape of the Mississippi Fan (fig. 7).
Thick accumulations of Pleistocene strata extend southeastward to the
topographically high approaches to the Straits of Florida and southwestward
from the fan into the Sigsbee Plain.

In contrast to the profound infilling by voluminous clastic deposition in
the northern and western margins of the basin during Cenozoic time, very
little clastic debris reached the platform regions of the eastern and southern
Gulf. Consequently, the carbonate environments that had prevailed on these
banks during the Mesozoic, for the most part, persisted throughout Tertiary
and Quaternary times. Land-derived clastic sediments from source areas north
and northwest of the Florida platform were deposited as minor components of
Tertiary carbonate environments as far south as the middle shelf region. In
the absence of significant supplies of sands and muds from highlands to the
south and southwest, Tertiary and Quaternary strata across the Yucatan
platform likewise represent continued accumulation of shallow-shelf limestones

and carbonate detritus that prevailed earlier in Mesozoic time.

Structural Framework

The continental margins and deep ocean basin regions of the Gulf of
Mexico, in spite of much subsidence, are, for the most part, stable areas in
which simple tectonism caused by gravity has played a major role in
contemporaneous and post-depositional deformation. Mesozoic and Cenozoic
strata in the Gulf basin have been deformed principally by uplift, folding,
and faulting associated with plastic flowage of Jurassic salt deposits and
masses of underconsolidated Tertiary shale. Cenozoic strata in the northern
and western margins of the Gulf, from the Mississippi Delta region

southwestward into the Bay of Campeche, are offset by a complex network of
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normal faults that formed in response to depositional loading along successive
shelf edges during Tertiary and Quaternary times. Sedimentary loading of
thick deposits of Jurassic salt in the northern margin from the Mississippi
Delta region to northeastern Mexico, in the southwestern margin in the Bay of
Campeche, and in the deep basin north of the Yucatan platform caused the
formation of extensive fields of salt diapirs, which have pierced many
thousands of feet of overlying strata (fig. 5). Similarly, loading of water-
saturated muds that were rapidly deposited and buried in the western margin
from southern Texas to the Bay of Campeche caused plastic flowage that buckled
overlying strata to form a complex and extensive system of linear anticlines
and synclines (figs. 5 and 6). Mesozoic and Cenozoic strata in the deep basin
regions of the Western Gulf Rise, Sigsbee Plain, and lower Mississippi Fan
have been only mildly deformed as a result of regional crustal warping and
adjustments due to differential sedimentation and compaction; the
stratigraphic sequence mainly is affected by normal faults of minor
displacement and by broad wrinkles having a few tens to a few hundreds of feet
(three to thirty m) of relief. In the massive carbonate platforms of the
eastern and southern Gulf, deformation has resulted largely from broad
regional uplift and crustal warping.

These structural features are contained within the young sedimentary
prism of the Gulf of Mexico, and although generally related to crustal
subsidence, are not direct products of major crustal events. Structural
deformation of the sedimentary prism resulting from dynamic earth processes
appears only to affect a small part of southernmost Bay of Campeche where
Mesozoic and Cenozoic strata have been thrust and sheared and intruded by
volcanic rocks in response to major tectonic episodes in Late Cretaceous and

relatively recent Tertiary times.
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GEOLOGY AND GEOPHYSICS OF THE MARITIME
BOUNDARY ASSESSMENT AREAS
by

Ray G. Martin and Richard Q. Foote

Introduction

The Gulf of Mexico Maritime Boundary region is divided into six
assessment areas on the basis of distinctive structural and stratigraphic
characteristics (fig. 8). The boundary region is primarily situated within
the deep-water area of the Gulf of Mexico and includes small parts of the
northern and western continental margin. The Rio Grande Margin area traverses
the Rio Grande Shelf and Slope in water depths from 98 ft (30 m) to 9,184 ft
(2,800 m)s The Perdido Foldbelt area lies at the foot of the Rio Grande Slope
in the northwestern part of the deep Gulf of Mexico in water depths of about
10,000 £t (3,049 m). The Sigsbee Escarpment area lies at the foot of the
Texas-Louisiana Slope in the north-central part of the study area; average
water depth is about 8,200 ft (2,500 m). The Sigsbee Knolls area lies in the
south-central Gulf and includes two small areas of abyssal sea floor,
generally about 12,000 ft (3,658 m) deep, underlain by large salt domes that
are outliers of the Sigsbee Knolls diapir field to the south (fig. 5). The
Campeche Escarpment area is just north of the Campeche Escarpment in the
eastern region of the study area, where water depths average about 11,152 ft
(3,400 m). The remainder of the Maritime Boundary region is referred to as
the Abyssal Gulf Basin area. The area encompasses parts of the lower
Mississippi Fan, the Western Gulf Rise, and the Sigsbee Plain regions, and it
is underlain by thick, relatively undeformed deposits of Cenozoic age which

unconformably overlie moderately deformed strata of Mesozoic age.
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Geophysical Data

Geological and geophysical descriptions of the assessment areas are
primarily based on seismic-reflection geophysical data recorded in the Gulf of
Mexico basin by Government agenciles and a host of academic institutions during
the last 20 years (fig. 9). These data are supplemented by geological
information from deep wells and shallow stratigraphic test holes drilled by
industry and by the Deep Sea Drilling Project (DSDP) since the mid-1960’s
(fig. 10)s In addition, data from seismic-refraction studies (fig. 11) of the
deep basin during the 1950°s and 1960°s (M. Ewing and others, 1955; J. Ewing
and others, 1960, 1962; Antoine and Ewing, 1963) and from modern ocean-bottom
seismometers (Ibrahim and others, 1980; Buffler and others, in press) proved
invaluable in defining thicknesses and depths of the deep crust and the older
stratigraphic sequences.

More than 8,350 mmi (15,448 km) of seismic-reflection data (table 1) were
available for this study (fig. 9). Approximately 1,600 nmi (2,960 km) of
these data consist of high-technology multichannel profiles recorded and
computer processed by the University of Texas Marine Science Institute (UTMSI)
for Government- and industry-funded studies of the deep basin. An additional
1,200 nmi (2,219 km) of data consist of deep-penetration single-channel
sparker profiles recorded jointly by the U.S. Geological Survey (USGS) and the
U.S. Naval Oceanographic Office (USNAVOCEANO) in a basin-wide exploration of
the Gulf of Mexico. The balance of seismic-reflection coverage, approximately
5,550 nmi (10,269 km), is low-energy, shallow-penetration data recorded in the
region during scientific surveys sponsored by the Government and by the
academic sector. Findings and conclusions relative to the geological aspects
of assessment areas within the Maritime Boundary region are largely based on

the UTMSI and USGS-USNAVOCEANO data, which are of better quality and have

32 (Page 33 is figure 9)



*popeys S} Eaie
juswssasse [e3o3 9yl °*safdwes wojjoq pa303[9S pur 83Oy TIIaAp o1ydeasSyieays
dosp pue moyyeys 3Jo Suojleoso] Sujmoys uoy8d1 OOIXAW Jo ITNY Jo deR--°Qr 2an81a

<08 o8 .28 S8  H8 ] B £8 06 )6 o26 £6 b6 G696 o6 ___ 86
8l SH3ILIN NI SHNOLNOD %L % &
) g e . . ] by &WL\,\ o
J TR | )
S —~ 31
¥Vl WWNaIS 3 ) Aﬂ/ +
ONIMVNOD $3H0D ALIAVHS ¥ Z . V |
«02 o_zﬁzcw»“mm”m m”u“wm ¢ & T // —a—p02
OIHAVUDILYH 1S MOITVHS o \ \ VINSNINIG NVLVINA /Mmﬁr« M>\K
$3115-111HG (d0SO) // /!
oi2] 193roud ONI YO v3S 4330 |@ 2
viva 01907039 ' | ;/\\/u ! ]
_J0oIX3W 40 9 fpdl 73| || 1T 3 \
N ee h 002
v\ g )s:miﬁ\o \\ // u:ouu+«o@ N % MM v
XA oy = 2
R e ST 8]
oo ﬁl N“ § $s
o2t mdp =000 :[M/ m\ \ 7
= /
L 3 ©
s A A N .

N

62—

Y AN

=
o
N
%,J
14
-
ik
"
- i

)
]

0L

non

.-MOQQ o8 Mq ot8 o oS8 <98 ol8 88 <68 06 ° -.W\ oC6 «£6 U'Qm «G6 096 HW 86

34



*98e19A00 97730ad UOTIOBIIII-DTWSTAS SuTMOYS UOTZ9a ODIXIK JO FINY JO dey~-°11 @an314g

comx o8 QNQ .Mml ,,,,, \W.VQ
8l SHILIN NI SHNOLNOD
[ swwem _  asew s = |
‘WX 002 00! 0 O0s
[ seowmeness =
B oo oS 0 0%

02

68

bm ﬂm

26

«£6

o6

/

$3N17 (580) ¥3L3NONSIIS
NO01L08-NV320 o—e
S3INIT NOILLOVHIZN

Q3SYIAIUNN ONV G3SY3A3N o0

SNOILVLS
NOILOVY4ATY~-DINSITS

oS6 o

L6 86

8!

i

26!

SNIN34 zchﬁz;w

) 1.

o2
0JIXIWN 40 41N9 (:\\\M
PP LASe = S -3
\ o
v On\“\\r.t“ NIOU&%(O
£2ET AT
©0,>
oVN m QQQ\ ra\/.rv/:/

1A NS

02

OnN

02

X

L2

LGS

, -~ \wz .92
s [
0d2 " \ / / n&é/ i
- xed &
&2l— e .W« H Qw Y SL&(E S SN, B wee - oz
N N ﬁ&
62 - h J\ W\\K\(\/»\w M \L
. ] = W L%+ S
¢ ] 1 \W\m
I 2
o / M 0 \K\\Vf / r\\ ; P, - SN 3 . "
, ? AN?W ) P V_.N&n s
Ww 4 . Aj\?\/}r v %_ non %f
e e 2 S8 b 58 Lm 28 88 68 06 16 wmw €6 6 G696 o6 .mm.m

35



fA3TsaeATu WRY SexX9] “©21330 °TuydeaSouesaop TeaeN °S° £q seTrjoad aeyaeds pue und-ile umaomlaoqm

*696T “©°1330 oTudeaBoueadQg TeBAEBN °S°[] Pue £3aang TeOT80709n +g+q faoaeds ofnol (OO ‘09T °uey SNSQ,

suoT3In3TIsul orydeiBoueady OTOH SpooM pue ‘LiojeaiasqQ [ed18o71099H L3jasyog-3Iuower]

*joel3s JU9 PIOI-7] ATurew SUOISDATEBYH I DINJFISU] 9OUDTO§ DUTABK SBXD] JO %uamum>ﬂcbﬁ

8Yv ‘ST  0SE°S8 69701 06S°¢S 612°C 00Z°‘1 096°T 009°¢1 sTe30],
urseg
GOZ‘€T  8ET‘L %06 ‘8 €18y LO8°T LL6 6% T 8ve ‘1 JIno Tessiqy
———B3Jy Jjusmdiedsy
©6L 6y r4A%3 061 6S A €8¢ L0T ayoadue)
————— e e e e e e sTIouy
95 0¢ 61 01 0 0 L€ 0¢ 29qs8Tg
———————eea3T9qPTOd
88¢ 9¢1 112 %11 0L 8¢ L Y opTpaag
——————— juamdaeosy
6.7 161 60T €11 0L 8¢ 0 0 29988718
——————————=UT3I Bl
978 9%y 2749 01¢ €12 STT 6€ 12 apuein OTY
wy THu wy Tuu wy TWu wy TWu
sTelo] mawccm:UImamch T2uuRydI-9T8UTS ~Hm==m50ﬂuﬁsz

UOFIDSTJoY MOTTRYS

[4

uoTIoaTIey deeqg

B91B JUSWSSISSY

co01xo) JO [IMH 2Ya UL SDOUD JUWSSDSSD UL 26DU2A0D 271f0ud U0I2097fod-0rU8128 [O

uo19nqrag82q—"1 2198l

36



deeper penetration than the other data. Seismic-reflection data of lesser
quality, however, were particularly useful in mapping areas of complex geology
such as in the Rio Grande Slope, Perdido Foldbelt, Sigsbee Escarpment, and
Sigsbee Knolls regions.1
Except in areas near drill-hole control, where geological aspects of the
sequence are known to the depth of drilling, stratigraphic age and lithologic
interpretations in the following discussions represent projections and
assumptions drawn from a variety of information and inference available from
the offshore Gulf basin and around its emergent margins. Stratigraphic
interpretations, particularly for the Mesozoic sequence, then must be

considered, at best, as approximations predicated on extensive research rather

than factually based conclusions.

Geology of Assessment Areas

Descriptions of the six resource assessment areas within the Gulf of
Mexico Maritime Boundary region (fig. 8) are arranged to provide a foundation
of information that subsequent sections build on and reference. The Abyssal
Gulf Basin is the largest area in the boundary region and is underlain by
strata representing the full range of geologic units present in other
assessment areas and is, therefore, discussed first. The Perdido Foldbelt
area, the Sigsbee Knolls area, and the region of seabed north of the Campeche
Escarpment are described in subsequent sections because of geological aspects
that set them apart from the remainder of the deep Gulf. Descriptions of the
continental margin regions within the study area (Rio Grande Margin and

Sigsbee Escarpment areas) conclude the discussion. Table 2 summarizes water

lSee Appendix I for discussions of geophysical techniques.
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depths, areas, and sediment volumes of the assessment areas. Figure 12 shows

locations of seismic sections used as illustrations in the following sections.

Abyssal Gulf Basin Area

The abyssal Gulf of Mexico encompasses all the geomorphic provinces that
lie basinward of the continental slopes, generally beneath water depths of
more than 9,184 ft (2,800 m). Although they are within the Abyssal Gulf Basin
area, the Perdido Foldbelt, Sigsbee Knolls, and Campeche Escarpment areas have
distinctive geological aspects that dictate that they be discussed
separately. Water depths in the Abyssal Gulf Basin area range from a minimum
of 9,922 ft (3,025 m) to a maximum of 12,270 ft (3,740 m). The sea floor
ranges from essentially flat in the Sigsbee Plain to gentle gradients of less
than 1:800 on the Western Gulf Rise.

The deep-water region of the Gulf is floored by a relatively thin (16,000
to 20,000 ft (4,800 to 6,100 m)) basement (fig. 6) having physical properties
similar to those of the crust beneath major ocean basins (M. Ewing and others,
1955; J. Ewing and others, 1960, 1962; Menard, 1967; Martin and Case, 1975).
The oceanic basement overlies relatively shallow mantle at depths of about
55,000 ft (16,768 m) below sea level under the Sigsbee Plain (Ewing and
others, 1960; 1962). Both basement and mantle surfaces lie 15,000 to 20,000
ft (4,573 to 6,098 m) lower than in typical ocean basins, thus reflecting the
effect of substantial sediment load (Menard, 1967; Martin and Case, 1975).
Seismic-refraction recordings using ocean-bottom seismometers (Ibrahim and
others, 1980; Buffler and others, in press) indicate similar basement
thicknesses and mantle depths beneath the easternmost part of the Abyssal Gulf
Basin area. Sediment thickness ranges from about 13,000 ft (4,000 m) near the

Campeche Escarpment to more than 30,000 ft (9,150 m) near the Sigsbee
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Escarpment (fig. 6). These thicknesses contrast with an average thickness of
about 8,200 ft (2,500 m) for sedimentary and interbedded volcanic rocks found
in typical oceanic provinces (Raitt, 1963). Seismic-reflection data across
the deep Gulf suggest a threefold division of the stratigraphic sequence
overlying basement. The division is based on changes in gross seismic aspects
of the sequence that take place at prominent seismic-reflection horizons which
can be followed easily in the data network throughout the deep basin (fig.
13).

The surface of the oldest sequence is defined by a pronounced reflection
of high amplitude, which appears to truncate underlying strata in the section
seaward of the Florida and Yucatan carbonate platforms and lies generally
conformal to underlying beds elsewhere. The reflector also appears to conform
smoothly with buried and exposed faces of the Florida and Campeche Escarpments
where rocks of early Cretaceous age have been recovered with gravity corers
and dredge hauls (Bryant and others, 1969). Seismic-reflection data recorded
through DSDP Site 97 in the deep seabed of the southeastern Gulf (fig. 10)
suggest that this horizon is equivalent to a major unconformity that separates
limestones and calcareous mudstones of middle Cretaceous age (early
Cenomanian) from deep~water chalks of early Tertiary (Eocene) age. The gap in
the rock record at Site 97 spans some 40 to 50 million years. The reflector
possibly is equivalent to horizons in the Atlantic Ocean and Caribbean Sea.

In the Gulf of Mexico, this prominent reflector essentially represents the
boundary between Mesozoic and Cenozoic strata.

Seismic~reflection data in the deep basin were not sufficient to make
calculations of the thickness of pre~middle Cretaceous strata suitable for

isopachous contouring. Seismic~refraction data giving depths to crystalline
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basement rocks similarly were not sufficient to map structural contours on the
basement surface. Data were more than sufficient to map the thickness of
post-middle Cretaceous strata (fig. 14) and the surficial configuration of the
middle Cretaceous unconformity (fig. 15).

The older sequence of rocks below the middle Cretaceous unconformity is
composed of rift and post-rift deposits which grade upward from continental
clastic and interbedded volcanic deposits to shallow and deep marine clastic
and carbonate deposits. The presence of pre-rift strata in the deep Gulf
cannot be confirmed. Geological and geophysical data presently available from
the deep basin cannot be used to assign ages to strata older than those
deposited in late Mesozoic time. Seismic-refraction data (fig. 14) in the
basin indicate that the late Mesozoic and older sequence ranges from 8,200 to
11,152 ft (2,500 to 3,400 m) in thickness beneath the Sigsbee Plain and is as
much as 15,432 ft (4,400 m) thick beneath the Western Gulf Rise; the section
beneath the eastern part of the assessment area ranges from 5,904 to 13,776 ft
(1,800 to 4,200 m) in thickness. The lower part of the sequence is generally
faulted throughout the deep basin province; deformation in the upper part of
the sequence is primarily the result of differential sedimentation and
compaction over paleo-relief features.

Post-middle Cretaceous strata (middle and upper sequences discussed
below) range in thickness from 7,020 ft (2,750 m) in the southeasternmost part
of the boundary region to as much as 24,600 ft (7,500 m) near the Sigsbee
Escarpment (fig. 14). Average post-middle Cretaceous sediment thickness is
about 18,532 ft (5,650 m).

The middle sequence of deep basin sediment ranges from early Tertiary
(Paleocene?) to Miocene in age. The sequence is bounded by the middle

Cretaceous unconformity at the base and at the top by a pronounced transition

43 (Page 44 is figure 14)
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from well-stratified deposits of late Miocene age to discontinuously bedded
units of Pliocene age and younger (fig. 13). Seismic-reflection data suggest
a general uniformity of depositional character in the sequence throughout the
basin. Stratification is generally parallel to subparallel except where the
sequence onlaps older strata at the bases of the Campeche and Florida
Escarpments and on flanks of salt diapirs in the Sigsbee Knolls region.
Paleogene, or pre-Miocene deposits are generally less well stratified than
Miocene units and consist of widely distributed units of discontinuously
bedded material bounded by continuous, relatively high amplitude

reflections. The general seismic character of the Paleogene section suggests
the preponderance of fine-grained silts and clays containing only minor
amounts of sand. Well-stratified units in the Paleogene section, as well as
thin sequences represented by prominent reflections that extend over broad
areas of the basin, probably signify depositional stages and events when
appreciable amounts of sand were delivered to the basin floor. Miocene
deposits are well stratified throughout the basin and are presumed to consist
generally of alternating layers of sand and shale. DSDP drill holes in the
western part of the basin (fig. 10) penetrated significant quantities of sand
in beds of late and middle Miocene age. Miocene and older Tertiary strata
generally thin from west to east across the basin with proportional decreases
in average grain-size and number of sand horizons. Within the Abyssal Gulf
Basin area, Miocene and older Tertiary strata range in thickness from about
18,368 ft (5,600 m) southwest of the Sigsbee Knolls to about 15,908 ft (4,850
m) at the Sigsbee Escarpment, and to less than 7,462 ft (2,275 m) in the lower
Mississippi Fan region of the southeastern Gulf. Faults of a few feet to a

few tens of feet (few meters to a few tens of meters) of
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displacement are present throughout the sequence in the deep basin, as are
broad archings, or wrinkles, of relatively low relief. These features most
probably result from crustal warping and differential compaction.

Pliocene and Pleistocene strata compose the upper sequence of the deep
basin and represent a profound change in the general depositional character as
.a result of huge sediment volumes that were delivered to the Gulf from
glaciated regions in the continental interior. The section is composed of
coalesced sedimentary aprons built seaward from the mouths of submarine
canyons in the Western Gulf Rise, submarine channel and "over-bank" deposits
that form the upper Mississippi Fan and lower fan apron in the eastern Gulf,
and nearly horizontally stratified turbidite layers that cover the Sigsbee
Plain.

In the Western Gulf Rise, the Pliocene-Pleistocene sequence thins and
dips southward and younger beds successively overstep older strata to form a
complex series of wedges (fig. 16). The internal composition and structure of
the continental rise sequence is characterized by many zones of unstratified
material interpreted as debris-flow deposits that originated on the adjacent
continental slope. The sequence merges with and, in part, is onlapped by
near-horizontal strata of the Sigsbee Plain. Pliocene-Pleistocene deposits in
the continental rise are as much as 6,462 ft (1,970 m) thick along the Sigsbee
Escarpment and thin to about 3,444 ft (1,050 m) at the edge of the Sigsbee
Plain.

In the eastern Gulf, the Pliocene-Pleistocene sequence is characterized
by relatively complex internal stratigraphy in the upper Mississippi Fan to
relatively uniform bedding in the lower fan between the Florida and Campeche
Escarpments (fig. 17). The sequence ranges from 4,920 to 6,888 ft (1,500 to

2,100 m) in thickness and thins gradually toward the Florida Plain to the
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southeast and toward the Sigsbee Plain to the southwest. The sequence is
seismically well stratified toward the southeast, but toward the west, it
contains diffuse zones indicative of fine-grained debris-flow deposits.
Reflection characteristics suggest a preponderance of fine-grained silts and
clays with few sands in the western sector of the lower fan, and a greater
likelihood of turbidite sand horizons interbedded with silts and clays in the
southeast.

The Pliocene-Pleistocene section of the Sigsbee Plain is characterized by
a generally uniform sequence of nearly horizontally layered distal turbidite
deposits (fig. 13). Tﬁe section thins appreciably from a maximum of about
4,920 ft (1,500 m) at the edge of the lower Mississippi Fan to less than 1,181
ft (360 m) near the southwestern perimeter of the assessment area. Although
the sequence is well stratified, especially in the upper few hundred feet,
DSDP drilling in the plain shows only minor quantities of turbidite sand in
the section. Except for onlaps around flanks of thinly covered and
topographically expressed salt domes, and minor faulting over the crests of
more deeply buried structures in the Sigsbee Knolls region, the Pliocene-
Pleistocene sequence in the Sigsbee Plain is essentially devoid of structures

favorable for hydrocarbon entrapment.

Perdido Foldbelt Area

The Perdido foldbelt is a system of mostly buried anticlines which lie
beneath the Western Gulf Rise and generally parallel the trend of the Perdido
Escarpment northeasterly into the Alaminos Canyon and lower Texas-Louisiana
Slope (figs. 15, 18). The anticlines are composed of well-layered strata
generally as young as early Miocene, that were folded over a core of mobile

material, perhaps a thin layer of salt. The limbs of the folds are
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asymmetrical, and the steeper flanks are landward. Miocene and younger strata
onlap the gently dipping seaward limbs. Landward, or northwesterly limbs, on
many of the anticlines are reverse faulted so that older beds lie over younger
layers. Both the asymmetry and evidence of reverse faulting suggest
anticlinal formation by compressional force oriented northwest against the
foot of the continental margin. The origin of such compression and its
direction of orientation are not understood. Sudden (in a geological time
frame) landward tilt of the basement and overlying strata in early Miocene
time conceivably could have induced a thin deeply buried layer of stratiform
salt to mobilize and flow into anticlinal waveforms, concurrently folding and
thrusting the overlying sedimentary sequence. Some evidence of rejuvenated or
recurrent movements are suggested by folding of strata as young as Pleistocene
and by topographic expression on the sea floor. Recurrent movements would be
expected if folding is related to salt mobility.

Individual structures can be traced for as much as 85 nmmi (157 km), but
most average about 30 nmi (56 km) in length. Maximum flank-to-flank widths
range from 1.5 to 3.5 mmi (2.8 to 6.5 km) and generally average about 3.0 nmi
(5.6 km) at maximum breadth. Measurements from seismic-reflection profiles
suggest that as much as 12,005 ft (3,660 m) of Cretaceous and Tertiary strata
is folded and, in turn, covered by an additional 3,936 ft (1,200 m) of
Tertiary and Quaternary sediments. Sediment thicknesses between structures
range generally from 16,006 to 20,992 ft (4,880 to 6,400 m). The
stratigraphic sequence present in the Perdido Foldbelt ranges in age from Late
Jurassic to Holocene, and the thickest sediment unit is of Tertiary age. Most
of the section was deposited in a continental rise or abyssal plain
environment and can be expected to consist mainly of fine-grained pelagic muds

and interbedded turbidite deposits. For the most part, Miocene and older
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strata are seismically well layered, suggesting a sequence of alternating
changes in grain size, possibly turbidite sands, silts, and fine-grained
muds. Thick units of discontinuously bedded sediments bounded by relatively
thin well-layered sequences generally dominate the seismic character of upper
Miocene, Pliocene, and Pleistocene deposits. Except in areas near mouths of
major submarine canyons, the younger Quaternary sequence is likely to consist
predominantly of fine-grained pelagic muds containing uncommon stringers of

turbidite sand.

Sigsbee Knolls Area

The Sigsbee Knolls (Ewing and others, 1958; Nowlin and others, 1965;
Ewing and Antoine, 1966) are surface expressions of large diapiric salt stocks
that lie within a relatively narrow belt along the southern boundary of the
study area in the central Gulf of Mexico (figs. 8, 15 and 19). The field of
diapiric structures is about 40 nmi (74 km) wide and extends along a
northeasterly trend for more than 200 nmi (370 km). Fourteen major structures
are grouped in the heart of the diapir field near lat 23°30’N and long
92°30°W; five of these form broad mounds on the otherwise flat floor of the
Sigsbee Plain. Isolated outlier structures include five domes to the
northeast and two to the southwest of the main cluster. Three of the larger
diapirs lie within the assessment area (fige. 15). A narrow zone of isolated
salt diapirs and low-relief pillow structures connects the diapir field with
salt structures in the Golfo de Campeche Slope to the southwest.

Structural sizes of salt diapirs in the Sigsbee Plain range from about 5
to 15 nmi (9 to 28 km) in width; maximum diameter of the average dome is about
10 nmi (19 km)e All structures are deeply rooted to a mother salt layer at
the general depth of about 24,928 ft (7,600 m) below sea level, or about

12,628 ft (3,850 m) below the floor of the plain.
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Mingled with major salt diapirs, and distributed generally throughout the
Sigsbee Knolls diapir field, are many pillowlike structures that arch
overlying strata of considerable thickness. These structures are deeply
buried, and many are small in areal extent (figs. 15 and 19). Although
seismic characteristics indicative of salt are indistinct in many of the
seismic data across these features, they are considered to be composed of salt
because their level of occurrence corresponds to an interval of seismic
velocity normally attributed to salt deposits.

The stratiform salt unit that has been deformed into nondiapiric salt
pillows and massive diapiric stocks in the Sigsbee Knolls region is present in
a broad area of the abyssal plain generally from the northern edge of the
diapir field to near the base of the Campeche Escarpment. Ladd and others
(1976) named the unit "Challenger Salt" because it is the mother salt to which
the Challenger Knoll salt stock is rooted (fig. 19); Challenger Knoll derives
its name from the drilling vessel Glomar Challenger which successfully cored
into caprock on the knoll at DSDP Site 2 (fig. 10). Between the outer belt of
diapiric salt stocks and the base of the Campeche Escarpment, seismic-
reflection data show the base of the Challenger Salt as a generally smooth,
northwesterly dipping surface conformal with presalt strata (fig. 19). The
seismic characteristics of the salt unit consist of incoherent reflections and
diffractions. The Challenger Salt pinches out just seaward of the base of the
Campeche Escarpment and thickens to as much as 8,200 ft (2,500 m) at the
southern edge of the diapir field. Because of the large amounts of salt
withdrawn from the Challenger unit and emplaced into diapiric stocks, accurate
measurements of prediapiric salt thicknesses are not possible, but reasonable
estimates may range from 10,000 to 13,000 ft (3,049 to 3,963 m). Seismic data

reveal no comparable unit north and west of the Sigsbee Knolls, thus
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suggesting that the seaward edge of the Challenger salt basin is subcoincident
with the northern and western periphery of the diapir province. The surface
of the Challenger Salt layer generally has been deformed into broad waveforms
of relatively low relief indicating flowage in response to sediment load and
general seaward tilt of the section during basin subsidence. Deformation in
overlying strata as a result of salt flowage ranges from minor warping,
arching, and faulting to significant vertical uplift and downwarping in
response to major thickening and thinning of the salt layer. In areas of
thickest salt accumulation, likely in complex fault-bounded basins, the effect
of sediments sinking deep into the salt induced the salt to rise intrusively
through the overlying strata.

Post-Challenger Salt strata within the Sigsbee Knolls region and within
the assessment area range in age from late Jurassic to Holocene and consist
predominantly of Jurassic and Cretaceous carbonate rocks unconformably
overlain by generally well bedded deep-basin pelagic muds and turbidite sands
of mainly Tertiary age (fig. 19). Near-horizontal stratified deposits of
Pliocene and Pleistocene age cap the section lying locally in unconformal
contact with upper Miocene beds and onlapping shallow crests of diapiric
structures. Strata of Miocene age and older are severely upwarped in a halo
around individual piercement structures generally for a distance of about 2
mmi (3.7 km) away from the structure. Uplift of sedimentary layers on domal
flanks amounts to as much as 6,000 ft (1,829 m) of displacement. Because
vertical growth of the salt structures has been contemporaneous with sediment
accumulation since probably early in Tertiary time, much of the Tertiary
section on domal flanks is composed of structurally elevated onlaps and
pinchouts that are highly conducive for hydrocarbon entrapment. Thicknesses

of post-salt strata in the province range from only a few hundred feet on

56



domal crests to 18,000 ft (5,488 m) or more in interdomal depressions.
Interdomal strata range from relatively undeformed to broadly arched, folded,
and faulted units; the deformation has resulted from lateral compression
exerted by growth in adjacent diapirs and from uplift over nondiapiric salt
pillows. Some of the more pronounced pillowing has uplifted as much as 6,000

ft (1,829 m) of overlying strata.

Campeche Escarpment Area

The assessment area off the northernmost face of the Campeche Escarpment
(fig. 11, 8) is floored by strata of high seismic velocity that appear
equivalent in age and lithology to Mesozoic rocks that compose the Yucatan
carbonate platform (fig. 20). Seismic velocities and general character
suggest that the section is composed of limestones and may include reef
deposits and forereef talus deposits. The section appears to be block faulted
into horst and graben structures that were subject to truncation by erosion
and to depositional infilling. The section may represent an early stage of
shallow-bank carbonate accumulation that ended during climax of basinal
rifting in Late Jurassic-Early Cretaceous time. If so, the section is likely
to consist principally of Jurassic strata which, to the south, form the
foundation for Lower Cretaceous shallow-water carbonate accumulations in the
Yucatan platform. The older section is covered by Lower Cretaceous forereef
talus deposits and carbonate detritus shed from the adjacent bank and mixed
with deep-water carbonate and pelagic muds. The surface of the section is
outlined by the prominent mid-Cretaceous seismic horizon, which locally
truncates underlying strata and elsewhere lies conformably above them. Pre-
middle Cretaceous strata in this region may be as much as 10,000 ft (3,049 m)

thick and are covered by Tertiary and Quaternary basin-fill ranging from 6,000
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to 18,000 ft (1,829 to 5,488 m) in thickness (fig. 14). The proto-Yucatan
platform sequence extends approximately 30 nmi (56 km) northwest of the
Campeche Escarpment over an area about 40 mmi (74 km) wide, and appears to be
onlapped by well-stratified Mesozoic beds which conformably overlie the mid-
Cretaceous horizon.

Tertiary strata of Miocene age and older onlap the mid-Cretaceous surface
from near the outer edges of the buried platform sequence to the buried face
of the Campeche Escarpment (fig. 20). The mid-Cretaceous to Miocene sequence
ranges in thickness from about 2,000 ft (610 m) at the abrupt contact with the
Campeche Escarpment to more than 8,000 ft (2,439 m) at the outer edge of
buried platform strata. The Tertiary sequence is generally well bedded,
especially in deposits thought to be of middle and late Miocene age. Near the
Campeche Escarpment smooth parallel to subparallel stratification in the
sequence is disrupted by local thickening and thinning over what appear to be
deposits of forebank debris. The section is locally offset by faults having
only a few feet of throw. Broad warpings are associated with differential
compaction over paleorelief deposits.

Pliocene and Pleistocene strata conformably overlie the Miocene and older
sequence and sharply abut the face of the Campeche Escarpment. Late Tertiary
and Quaternary deposits range in thickness from 600 to 4,000 ft (183 to
1,220 m) at the escarpment to more than 5,900 ft (1,799 m) above the perimeter
of the buried Mesozoic bank. The young sequence is characterized by a thick
section of generally discontinuous reflection events and transparent zones.
Infrequent continuous reflections divide the section, which is capped by a
veneer of well-bedded late Pleistocene strata. The overall character suggests
a predominance of fine-grained muds and clays that are not likely to contain

appreciable quantities of sand. The more pronounced, continuous
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reflections that characterize the upper 1,000 to 1,500 ft (305 to 457 m) of
section suggest the presence of interbedded sands and muds. Most strata in
the sequence are acoustically typical of deposits in the lower Mississippi
Fan, where appreciable quantities of sands were supplied by turbidity flows of

catastrophic magnitude.

Rio Grande Margin Area

The continental shelf and upper continental slope regions off south Texas
and northeast Mexico are called the Rio Grande Margin assessment area (fig. 8)
and are composed of thick sections of Mesozoic and Cenozoic strata that are
pierced by isolated stocks of diapiric salt and uplifted over broad anticlinal
features composed of underconsolidated Tertiary shale (fig. 21). Normal
faults, mainly down-to-the-basin faults, offset late Tertiary and Quaternary
strata in the shelf and uppermost slope. The stratigraphic sequence consists
primarily of shales with interbedded sands that were deposited in outer shelf
and continental slope environments. A minor amount of algal and detrital
carbonate matter is present in the younger part of the section (Berryhill and
Trippet, 1980a). Drilling on the inner shelf region adjacent to the study
area (fig. 10) has penetrated strata as old as Oligocene, and drilling on the
outer shelf has penetrated strata as old as Miocene. Virtually no data are
available relative to lithology and depositional environments for the sequence
older than late Oligocene. The older Tertiary sequence consists
predominantly of shale deposited in a slope or deep-water environment.
Mesozoic rocks that floor the section are likely to consist of deep-water
carbonate and clastic muds which grade downward into older shallow-water
limestones and continental deposits. Mesozoic and Cenozoic strata in the
shelf and upper slope are estimated to be as much as 26,240 ft (8,000 m) thick

(fig. 14, table 2).
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The lower continental slope in water depths of about 3,280 to 9,184 ft
(1,000 to 2,800 m) is underlain by very broad salt massifs that crest as high
as within a few hundred feet (61 m) of the sea floor (figs. 15, 21). Although
generally irregular in outline, the structures are formed along northeasterly
trends roughly parallel to the strike of the slope. The broad structures are
separated by large basins and troughs filled by thick accumulations of
sediment. The salt massifs have fairly broad crests and steep flanks, which
appear to plunge abruptly for many thousands of feet. Basinal sediment
accumulations within the study area may be as much as 18,000 ft (5,488 m), and
strata on the crest of the largest salt massif in the middle slope are as thin
as 590 ft (180 m). Sediment thickness above salt in the slope (fig. 14, table
2) averages about 11,152 ft (3,400 m). Stratigraphic tests (40-40D") drilled
by Shell Development Company (Lehner, 1969) on the largest massif (figs. 14,
21) define a very thin section of Cenozoic clastic sediments underlain by thin
horizons of Cretaceous carbonate mud and red siltstone of unknown age, which,
in turn, are underlain by rock salt.

The stratigraphic sequence in structural basins and on the flanks of the
massifs is mostly of Cenozoic age. Quaternary strata appear to consist of
well-layered sediment in structural basins and homogeneous fine-grained
deposits that drape the upper flanks and crests of structures (fig. 21). The
Tertiary sequence has been considerably deformed by folding and faulting
related to movement of salt. Tertiary strata are composed mainly of deep-
water shales, and local accumulations of turbidite sands distributed in lenses
that represent deposition in structural lows.

The province of structurally shallow salt massifs merges with deep-seated
salt anticlines in the continental rise along the Perdido Escarpment. The

escarpment is a feature of relatively steep relief which separates steplike
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basin and ridge topography on the Rio Grande Slope from relatively smooth
gently sloping sea floor on the continental rise. The scarp is essentially

the topographic expression of the seaward front of the salt massif province.

Sigsbee Escarpment Area

The Sigsbee Escarpment assessment area lies on the lower Texas-Louisiana
Slope in the north-central Gulf of Mexico (fig. 8). The escarpment is a
distinct, but relatively minor, steepening of the sea floor that separates the
lower continental slope of the northern Gulf of Mexico from the continental
rise (fig. 2). The scarp extends discontinuously from the Alaminos Canyon in
the west to the Mississippi Fan in the east. The escarpment is the expression
of structurally shallow lobate salt masses that are covered by a thin veneer
of late Pleistocene sediments and underlain by strata as young as early
Pleistocene (figs. 15, 22, 23). Anomalous salt masses of this nature were
initially recognized by deJong (1968) and Amery (1969) near DSDP drill site 92
just north of the assessment boundary (figs. 10 and 22), and have been
described in more recent reports by Watkins and others (1978), Humphris
(1978), Buffler and others (1978), and Martin (1980a). Study of all available
seismic-reflection profiles in the Sigsbee Escarpment region shows that
structurally shallow masses of salt underlie the escarpment and lower
continental slope in a zone that generally ranges from 20 to 35 nmi (37 to 65
km) in width (fig. 15). The salt masses generally thicken northward into the
interior of the lower slope and appear to be detached from deeply rooted salt
stocks and ridgelike massifs that underlie most of the Texas-Louisiana
Slope. The salt masses are generally shaped like inverted wedges pointed
basinward, and have thicknesses ranging from 3,280 to 6,560 ft (1,000 to 2,000
m) upslope to only a few hundreds of feet thick along blunt, nearly exposed

basinward edges. Bases of individual salt lobes appear to be in angular
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contact with Tertiary and Quaternary strata that dip basinward into the
continental rise (figs. 22, 23). Lack of evidence of any appreciable
deformation of Tertiary and Quaternary beds along this basal contact and along
the basinward edges of lobes suggests that the salt masses were emplaced by
flowage contemporary with deposition rather than by lateral intrusion into the
shallow substrate. Such flowage probably took place in response to overburden
pressure exerted on salt by rapid accumulation of large sediment volumes in
the upslope regions of the margin during late Tertiary time (Humphris, 1978;
Martin, 1980a). Detachment from the mother-salt and separation of the broad
extrusive sheet into individual lobes likely took place in response to local
sediment loads accumulated on the shallow salt surface during Pleistocene
time.

Seismic-reflection data, for the most part, show no evidence of
structural uplift or of the presence of salt structures in the sequence below

shallow salt lobes2

and thus, suggest that the salt has been extruded well
beyond the basinward limits of Jurassic salt deposition (Martin, 1980a). Near
the Alaminos Canyon and beneath the upper reaches of Keathley Canyon, broad
subsalt anticlines are suggested in seismic-reflection data; these structures

are probably part of the Perdido foldbelt more clearly expressed in the

continental rise to the southwest (fig. 15). The Sigsbee Escarpment

2Time—depth sections across the Sigsbee Escarpment are particularly
misleading in that seismic sound is transmitted through shallow masses of salt
at velocities much greater than those at which it is transmitted through
underlying strata. The result is a disproportionate upward displacement
(velocity pull-up) of reflection horizoms below the salt relative to
equivalent horizons in the section beyond the salt mass. When appropriate
velocity functions are applied to the section, subsalt horizons are migrated
into correct positions and are shown to pass smoothly beneath the extrusive
salt in conformity with their counterparts in the continental rise sequence.
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assessment area (fig. 8) is underlain by structurally shallow masses of
extrusive salt that overlie undeformed strata equivalent to continental rise
and deep basin sediments to the south (fig. 22).

Within the assessment area, sediments above shallow salt lobes range from
a few tens of feet to as much as 6,560 ft (2,000 m) in thickness in broad
basins depressed into the salt surface; average above-salt sediment thickness
(fig. 14) is about 1,551 ft (473 m). DSDP drill hole 92 penetrated to within
120 ft (37 m) of the salt surface, bottoming in sediments of early Pleistocene
age (fig. 22). Below the salt, measurements to the middle Cretaceous horizon
indicate a average thickness of late Mesozoic and Cenozoic subsalt strata of
18,000 ft (5,488 m). Rapid deterioration of seismic resolution below this
horizon prohibits estimation of the thickness of Lower Cretaceous and older
strata. Thicknesses of the shallow salt bodies whose bases lie in apparent
angular contact with early Pleistocene and Tertiary strata average 5,852 ft

(1,784 m).
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PETROLEUM GEOLOGY OF THE GULF OF MEXICO
MARITIME BOUNDARY ASSESSMENT AREAS
By

Richard Q. Foote, and Ray G. Martin

The study of the petroleum potential of the six assessment areas (fig. 8)
focused on factors critical to the gemeration, migration, and entrapment of
hydrocarbons, such as: structural and stratigraphic traps, source beds and
maturation, reservoir rocks and seals, and timing of hydrocarbon migration
relative to formation of traps.1

The six assessment areas were analyzed by use of all publicly available
geophysical data recorded in the region (fig. 9, 11; table 1). Geophysical
data include approximately 8,350 mmi (15,448 km) of seismic-reflection
profiles ranging from shallow-penetration recordings to deep-penetration
multichannel profiles. A limited amount of geological data obtained from
drill holes within and adjacent to the area of study supplemented the
geophysical data (fig. 10). Geological information relative to lithology and
stratigraphic age of the upper few thousands of feet of strata in the study
area were derived 1) from two Deep Sea Drilling Project (DSDP) sites in the
study area (fig. 10), 2) from 10 shallow industry drill holes within the area
of investigation, 3) from projections from as many as 10 deep stratigraphic
tests drilled adjacent to the study area, and 4) from many bottom core samples

collected by academic institutions at widespread locations in deep-water areas

of the Gulf of Mexico. The important geological aspects of the six Gulf of

lEach of these factors is discussed in detail in Appendix II, Petroleum
Geology of the Gulf of Mexico.
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Mexico assessment areas and factors favorable, or detrimental, to potential

in~-place accumulation of petroleum resources are discussed below.

Rio Grande Margin Area

A thick section of Cenozoic clastic sediment overlies Mesozoic rocks,
which are chiefly carbonate and evaporite deposits, throughout the Rio Grande
Margin Area (fige 8). The Mesozoic and Cenozoic section of the Rio Grande
Shelf and upper continental slope region is estimated to be as much as 26,240
ft (8,000 m) thick (fig. 14, table 2).

The Rio Grande Margin contains a number of possible structural and
stratigraphic traps in Cenozoic strata, including anticlines and faulted
anticlines formed by deep-seated shale ridges, salt domes, and salt massifs
(figs. 15, 21); closures against growth faults and normal faults; and a
variety of stratigraphic traps. Stratigraphic traps probabaly occur in sands
onlapping salt domes or anticlines, in facies changes from sands to
impermeable shales in updip directions, and at angular unconformities.

In the continental shelf, Tertiary and Quaternary strata are arched over
broad anticlines formed by deep unconsolidated shale masses. Both normal and
growth faults are associated with the formation of these anticlines. The edge
of the shelf is underlain by either a deep-seated salt stock or a shale mass--
no salt domes or massifs are thought to be present under the shelf offshore
southern Texas. There 1s also a possibility of traps being formed on the
middle and outer shelf and upper slope by normally pressured Tertiary sands
being sealed by abnormally pressured shales.

In the upper slope, the Cenozoic section is pierced and uplifted by small
isolated salt diapirs. The middle and lower areas of the Rio Grande Slope are

underlain by extremely large masses of salt. These salt massifs have fairly
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broad crests and are covered by strata as thin as 590 ft (180 m). The broad
salt structures have steep flanks which plunge abruptly for many thousands of
feet and are separated by narrow basins and troughs filled by as much as
18,000 ft (5,488 m) of clastic sediment. The sediments above the salt
basement have an overall average thickness of about 11,152 ft (3,400 m) and
are mainly Tertiary and Quaternary in age. Traps may be present over the
deep-seated salt domes under the upper slope, but not over the very shallow
penetrating salt massifs on the lower slope. Within the small mini-basins, or
"potholes," the anticipated traps are in closures against faults both over and
on the flanks of the salt, in sands truncated by salt, and at unconformities
and in onlapping sands.

Generally, traps in Rio Grande Margin are expected to be in rocks of
possibly Oligocene, Miocene, Pliocene, and Pleistocene strata. Exploratory
drilling on the U.S. continental shelf immediately adjacent to the assessment
area (fig. 10) shows the Mlocene sequence to consist of mainly deep-water
shales having only a few thin sands of limited horizontal extent and of poor
reservoir qualities (Khan and others, 1975a and 1975b). Turbidite sands of
Miocene, Pliocene, and Pleistocene age may be present in the upper and lower
slopes in sand-filled canyon and deep-sea fan deposits. Oligocene sands may
be present in the continental shelf but they would most likely be quite deep
and possibly of poor reservoir quality. Sands of reservoir quality may be
present in the narrow basins and troughs between the diapiric salt structures
on the slope, but the lateral extent of any such sands would be quite
limited. The lack of thick, widespread, high-quality reservoir rocks detracts

from the potential of this area.
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Sigsbee Escarpment Area

The Sigsbee Escarpment assessment area is in the north-central sector of
the Maritime Boundary region (fig. 8). The escarpment is the expression of
extruded masses of Jurassic salt in the shallow subbottom (figs. 15, 22, 23).
The salt lobes are covered by a veneer of mainly late Pleistocene pelagic muds
and are underlain by continental rise and abyssal basin pelagic and turbidite
deposits as young as early Pleistocene. The average thickness of sediments
above the extruded salt in the assessment area is less than 1,551 ft (473 m)
and, thus, is viewed as being nonprospective for oil and gas. The bases of
extruded salt masses appear to lie in angular contact with Tertiary and
Quaternary strata that dip basinward into the abyssal Gulf. Undeformed strata
as old as Early Cretaceous can be mapped into the continental slope beneath
the shallow salt bodies. Sediment thickness of post-middle Cretaceous strata
below extruded salt is estimated to be as much as 18,000 ft (5,488 m). The
Sigsbee Escarpment area has no apparent structural uplift or diapiric salt
mass below the extruded salt layer that might provide oil and gas traps. The
angular contact between the Tertiary and Quaternary strata and the overlying
salt, however, may be locally favorable for providing trapping conditions.
Stratigraphic traps also could be present in Cenozoic turbidite sands
deposited in submarine canyon and deep-sea fan strata below the extruded salt
layer. Structural traps may be present in this sequence against faults having

minor displacements and in small folds of low relief.
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Perdido Foldbelt Area

The Perdido Foldbelt area (fig. 8) contains a series of large, mostly
buried anticlines composed of well-layered clastic strata that are folded over
a core of mobile salt (fig. 18). Parts of eight separate structures lie
within the boundaries of the assessment area (fig. 15); maximum widths of the
folds range from 1.5 nmi (2.8 km) to 3.5 nmi (6.5 km), and the average length
is about 30 nmi (56 km). As much as 12,005 ft (3,660 m) of Cretaceous and
Tertiary strata is folded and, in turn, covered by an additional 3,936 ft
(1,200 m) of Tertiary and Quaternary sediments. Sediment thicknesses between
structures range from about 16,000 ft (4,880 m) to about 20,992 ft (6,400 m).

Folding is estimated to have taken place in Miocene time. The limbs of
the folds are asymmetrical and steeper flanks are on the landward side. The
landward limbs of many of the structures are reverse faulted so that older
strata overlie younger strata. Miocene and younger beds onlap the gently
dipping seaward flanks.

We do not know whether the reverse faults contribute to or detract from
the favorability of the structures. These faults and the associated
fracturing of rocks could provide pathways for the migration of oil and gas
from source beds.

Anticlines in the Perdido Foldbelt have large amplitudes; the crest to
trough relief on deeper horizons is more than 4,000 ft (1,220 m). Although
seismic data to map these structures in detail are insufficient, an area of at
least 242 mi? (627 km2) appears to be very favorable for oil and gas
accumulation. All these structures have excellent trapping potential and the
potential for containing multiple oil and gas zones in the deep clastic and
carbonate strata of Mesozoic age and in the more shallow clastic rocks of

Cenozoic age. Structural traps are formed by anticlinal closure and by
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faults. Stratigraphic traps are prevalent in the thick sequence of onlaps in
late Tertiary beds on seaward flanks of the broad folds, and in complexly
bedded canyon-mouth fan deposits in young Quaternary strata that cover the
area.

Reservoir rocks are likely to be present in the section, especially in
beds of middle and late Miocene age, because of the near proximity to sand
sources on Miocene and younger continental shelves and to submarine canyon
systems capable of transporting large quantities of sand down the adjacent

continental slope.

Sigsbee Knolls Area

The Sigsbee Knolls are surface expressions of only a few of the many
large diapiric salt stocks that lie within a relatively narrow belt along and
landward of the southern perimeter of the assessment area in the central Gulf
of Mexico (fig. 8). Three of these structures lie within the assessed area
(fig. 15). Strata surrounding the diapirs range in age from late Jurassic to
Holocene. Mesozoic rocks are chiefly shallow-marine carbonates and carbonate
detritus and are overlain unconformably by deep-water pelagic muds and sandy
turbidite beds of Tertiary and Quaternary age. Strata range in thickness from
only a few hundred feet on domal crests to as much as 18,040 ft (5,500 m) in
synclinal depressions formed at the bases of the structures (fig. 19).

Salt diapirs within the assessment area generally are circular and have
an average diameter of about 10 nmi (19 km). Strata of Miocene age and older
are severely upwarped in a halo around the diapirs for a distance of about 2
nmi (3.7 km) away from the structures; the average area of the halo on each
diapir is more than 79 mi2 (205 kmz). Structural uplift of the sedimentary

layers on the flanks of the domes is as much as 6,000 ft (1,829 m).

73



Therefore, each halo contains an average of 19 mi3 (79 km3) of severely
uplifted strata in each halo, totaling 57 mi3 (238 km3) for the three
knolls. This volume of strata is considered to be very favorable for
hydrocarbon entrapment on the flanks of the diapir in structurally elevated
onlapping sands and in sand pinch-outs toward the uplift. Closures against
faults on the flanks of the diapirs would also be quite likely as structural
traps. Beyond 2 nmi (3.7 km) distance from the edge of each diapir, there
would be another halo containing about 60 mi3 (250 km3) of sediments which
would also be favorable for stratigraphic traps but less attractive than
sediments closer to the diapiric structures.

These salt diapirs, like the numerous productive salt domes of the Texas-
Louisiana Gulf Coast, are highly conducive to hydrocarbon entrapment. The
many different types of structural and stratigraphic traps associated with
salt diapirs have the potential for containing multiple oil and gas
reservoirs. Known tectonic activity in this area probably has caused faults
and fractures to form; such faults could serve as passageways for migrating
oil and gas. O0il was found in a rock sample of Jurassic age cored from the
top of nearby Challenger Knoll, about 10 nmi (19 km) south of the study area
perimeter.

Favorable structural traps might be present in arched strata and in
closures against faults above salt pillows, and in possible stratigraphic

traps on structural flanks of deeply buried salt masses.

Campeche Escarpment Area
In the east-central Gulf of Mexico, off the northernmost point of the
Campeche Escarpment (fig. 8), a small area of deep sea floor is underlain by a

broad, gently tilted plateau composed of Jurassic and Cretaceous strata that
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are overlain unconformably by onlapping beds of Tertiary and Quaternary age
(fig. 20). The older sequence of rocks is correlative with Mesozoic units
that compose the foundation of the Yucatan carbonate platform to the south,
and is composed largely of carbonate rocks that may include reef buildups and
forereef talus deposits. This section appears to be block-faulted into horst
and graben structures that were subject to infilling and erosional
truncation. Mesozoic strata in this area may be as much as 10,000 ft (3,049
m) thick and are covered by onlapping Tertiary and Quaternary clastic basin-
fill sediments ranging from 6,000 ft (1,829 m) to 18,000 ftr (5,488 m) in
thickness.

The entire Campeche Escarpment area has the potential of containing
significant stratigraphic traps in both the Mesozoic and Cenozoic strata, such
as reefs, forereef talus, pinch-out of sands, and onlap against older
strata. Likely structural traps are low-relief anticlines and in strata
draped over paleo-sea-floor highs, over the horst blocks, and in closures

against faults.

Abyssal Gulf Basin Area
The Abyssal Gulf Basin area (fig. 8) is underlain by an extremely thick

section of sedimentary rocks that range in age from Jurassic, or older, to
Holocene (figs., 13, 16, 17); the overall thickness of the sedimentary section
ranges from about 13,000 ft (4,000 m) in the southeast between the Florida and
Campeche Escarpments, to more than 30,000 ft (9,150 m) at the edge of the
Sigsbee Escarpment. The Mesozoic section is generally too deeply buried to be
considered prospective for oil and gas. Overlying Tertiary strata of Miocene
age and older generally consist of pelagic muds and sandy turbidites. This

sequence thins eastward across the abyssal basin. Deposits of Miocene age are
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especially well stratified throughout the basin and are presumed to consist of
alternating layers of sandstone and shale; these sandstones could act as
potential reservoir rocks. Many broad low-relief anticlines and faults of
small displacement throughout the sequence could provide potential traps for
hydrocarbons. In the Abyssal Gulf Basin area in general, faulting or
fracturing may not have been sufficient to allow oil and gas to migrate upward
from deep potential source beds into shallow traps.

Complexly bedded strata of Pliocene to Holocene age overlie the Miocene
and older Tertiary section in the Mississippi Fan and continental rise areas
of the abyssal basin. The Quaternary and uppermost Tertiary section is
composed of 1) coalesced sedimentary aprons that were built seaward from the
mouths of submarine canyons in the continental rise along the Sigsbee
Escarpment; 2) complex channel-fill, slump, and apron deposits that form the
Mississippi Fan in the eastern Gulf; and 3) nearly horizontally bedded
turbidite deposits that cover the Sigsbee Plain in the central Gulf basin.
Stratigraphic traps are most likely to be present in Mississippi Fan deposits
and in continental rise strata. Cenozoic strata in Mississippi Fan and
continental rise deposits of this assessment area may be especially likely to

contain biogenic methane gas.

Summary
From the foregoing discussions and those in Appendix II, Petroleum
Geology of the Gulf of Mexico, several conclusions can be reached.
1. Structural and stratigraphic traps are present throughout the
Maritime Boundary region. The largest and most attractive
structural traps which might contain significant quantities of oil

and gas are in the Perdido Foldbelt and Sigsbee Knolls areas.
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Structural traps of lesser size, but still having resource
potential, are present in the Abyssal Gulf Basin, Campeche
Escarpment, and Rio Grande Margin areas. The Sigsbee Escarpment
appears least promising of the six areas for structural traps.
Stratigraphic traps having high resource potential are present on
the flanks of anticlines in the Perdido Foldbelt and salt diapirs
in the Sigsbee Knolls areas, and in onlaps against the middle

Cretaceous unconformity in the Campeche Escarpment area.

These structural and stratigraphic traps appear to have formed early
enough in geologic time to entrap migrating oil and gas. The
trapping mechanisms began to be formed in the Miocene or earlier.

Timing, as a factor in oil and gas accumulation, is favorable.

2. Source beds to generate natural hydrocarbons are present in part of
the deep Gulf basin and are probably present under all the Maritime
Boundary region. Further, the thermal history has been adequate to
generate o0il and gas. Crude oil was found in a core of Jurassic
rock from DSDP Site 2 (fig. 10) atop Challenger Knoll. Tar from
crude o0il seeps was found in two bottom cores in the deep Gulf
(fig. 10). Traces of thermogenic ethane were found in three DSDP
sites. Further, published geochemical analyses of samples from
industry holes show that the organic content of sediments increases
from shallow- to deep-water depositional environments in the Gulf
of Mexico. Biogenic methane also could be prevalent in the deep

Gulf, particularly in the Mississippi Fan region.
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3. Reservoir rocks are thought to be present in all six assessment
areas, but their porosity and permeability may not be favorable.
Jurassic, Cretaceous, and lower Tertiary (Paleocene) reservoir
rocks in the Gulf of Mexico offshore Mexico sustain high production
rates. Rocks of equivalent age having good reservoir properties
could be present in the Sigsbee Knolls, Campeche Escarpment, and
Perdido Foldbelt areas. Favorable reservoir rocks are probably
present in turbidite sands deposited in Tertiary strata across the
deep Gulf. In middle and late Miocene, these coarse, turbidite
sands and gravel were transported from westerly sources into the
Perdido Foldbelt area. The finer sands were distributed farther
over the basin into the Sigsbee Escarpment and Sigsbee Knolls
areas. Simultaneously, some turbidite sands may also have been
deposited in the eastern Gulf region and in the Campeche Escarpment
area from an ancestral Mississippi River source. During Pliocene
and Pleistocene times, turbidite sands were supplied from northerly
sources. Thick and laterally extensive sands should be present as
potential reservoir rocks in Pliocene and Pleistocene strata in the
Mississippi Fan region and extending southwestward into the

Campeche Escarpment, Sigsbee Knolls, and Sigsbee Escarpment areas.

4. Seals over the reservoir rocks that prevent the upward escape of o0il
and gas should be prevalent throughout the Maritime Boundary region
and in both Mesozoic and Cenozoic strata. Seismic data on all six
assessment areas suggest that Tertiary strata contain alternating
sandstone and shale sequences. Upon compaction and dewatering,

some of these shales should have become effective seals.
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5. On the basis of critical factors relative to the generation and
accumulation of o0il and gas enumerated above, the individual
assessment areas in the Gulf of Mexico Maritime Boundary region are

listed below in order of decreasing petroleum potential:

Perdido Foldbelt Area
Sigsbee Knolls Area
Abyssal Gulf Basin Area
Campeche Escarpment Area
Rio Grande Margin Area

Sigsbee Escarpment Area
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ESTIMATES OF UNDISCOVERED IN-PLACE PETROLEUM RESOURCES

IN THE GULF OF MEXICO MARITIME BOUNDARY REGION

By

Richard B. Powers and Robert S. Pike

Introduction

Undiscovered in-place resources are those resources, yet to be found,
which are estimated to exist as a consequence of favorable geologic
conditions. Total estimated in-place resources in the Gulf of Mexico study
area range from 2.24 to 21.99 billion barrels of oil (BBO) and from 5.48 to
44.40 trillion cubic feet (TCF) of gas. The mean estimate for oil is 9.11 BBO
and the mean for gas is 18.77 TCF (table 3). The designated study area covers
58,940 miZ (152,660 km?) and has a sediment volume of 188,140 mi> (784,170

km3); water depths range from 98 ft (30 m) to 12,270 ft (3,740 m).

Resources Assessed

All amounts of oil and natural gas estimated in the Gulf of Mexico
Maritime Boundary Region are of undiscovered petroleum resources in-place (not
an estimate of recoverable quantities). O0il or gas in-place refers to all
petroleum in-place in reservoirs, without qualification as to what part may be
considered either currently or potentially producible, and without regard to
any economic or technological constraints. The estimated amounts of
undiscovered oil and gas in-place fall in the right-hand hachured column of

the resource diagram shown in figure 24. Resources are defined as
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Figure 24.—Petroleum resource classification diagram; estimates of
undiscovered in-place o0il and gas resources in the Gulf of Mexico study
area lie within the hachured column on the right.
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"...concentrations of naturally occurring solid, liquid, or gaseous materials

in or on the Earth’s crust in such form that economic extraction of a
commodity is currently or potentially feasible" (U.S. Bureau of Mines and U.S.
Geological Survey, 1976). In-place quantities, however, may include
accumulations that are too small, dispersed or remote to be recoverable, or
parts of economic deposits that are potentially or actually non-extractable in
an economic or technologic sense (Dolton and others, 1979). In-place
hydrocarbons are considered to be accumulations in discrete trapping features,
not simply disseminated at random throughout the sedimentary rock system
within a geologic basin. Amounts of known oil or gas in-place are defined as
the estimated number of stock tank barrels of crude oil (42 gallons per
barrel), or standard cubic feet of gas (14.73 PSI atmosphere, and 60°F.) in

subsurface reservoirs prior to any production (API, 1970).

Speculative Recoverability of In-place 0il and Gas

On the basis of the geologic analysis of the six assessment areas, we
speculate that oil and gas may be 1) contained in discontinuous or isolated
sandstone reservoirs surrounded by and interbedded with low-permeability
shales, 2) in other clastic reservoirs, and 3) in shelf carbonate reservoirs.

Recovery of in-place oil in discontinuous sandstone reservoirs in the
assessment areas would probably be about 15 percent from primary methods and
15 percent from secondary recovery methods. Recoveries of gas from analogous,
known developed gas reservoirs in discontinuous sandstones reach as high as 75
to 85 percent of the gas in-place. However, both secondary and tertiary
recovery methods are expected to be very expensive and difficult to apply in
deep-water areas in the Gulf of Mexico beyond the Continental Shelf (> 656 ft

(200 m)).
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Fractured shelf-carbonate reservoirs in analogous, known fields have
recoveries of as high as 27 percent of the oil in-place and as much as 80 to
85 percent of the gas in-place. However, gas recoveries in highly fractured
shelf-carbonate reservoirs would be reduced somewhat because of water
encroachment.

Overall oil recoveries in the Gulf of Mexico Maritime Boundary Region
from all recovery methods might average around 28 percent, and gas recoveries
might average around 80 percent. However, the oil and gas recovery factors
discussed here cannot be applied directly to the gross, estimated amounts of
undiscovered in-place oil and gas resources. Because of the great
uncertainties about reservoir properties, economics, and technology, we do not
know, at this time, what percentage of the estimated in-place resources in the
study area might ultimately be recoverable (R. F. Mast, written commun.,

1981).

Resource Assessment Procedures
Procedures for estimating volumes of undiscovered in-place o0il and gas in
the study area involved: 1) a comprehensive analysis of all available
geological, geophysical, and petroleum—geology data; 2) analysis of the
factors known to be significant to petroleum generation, migration, and

" calculated

entrapment; and 3) group appraisals using, as a "scaling factor,
volumetric-hydrocarbon yields per cubic mile of sediment from national (U.S.)
yield factors and basin-type yields of Klemme (1975). Ordinarily, calculated
hydrocarbon yields per cubic mile of sediment from analogous, knowrn producing
basins are applied against the sediment volume in a province being assessed,

such as the Gulf of Mexico. These calculated yields are important in the

assessment process because they provide the assessor with high, low, and
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average yields that serve as scaling factors in making subjective probability
estimates. However, no appropriate productive analogs were known for the
predominantly deep-water areas assessed in the Gulf of Mexico, and the
national yields and Klemme (1975) basin yields were used in their stead.

After the data were analyzed, each appraiser individually made subjective
probability estimates of undiscovered o0il and total gas resources in-place.
The estimates were arithmetically averaged and then processed by use of
probabilistic methodology.

Methods Used in Processing Estimates1

Because of the uncertainty involved in estimating undiscovered in-place
resources, estimates of their quantities include a range of values
corresponding to different probability levels. Initial estimates were made
conditional upon the event "in-place oil (or gas) is present" for each

assessment area as follows:

1. A low resource estimate corresponding to a 95 percent probability of
more than that amount; this is the 95th fractile (F95).

2. A high resource estimate corresponding to a 5 percent probability of
more than that amount; this is the 5th fractile (F5).

3. A modal ("most likely") estimate of the quantity of resource

associated with the greatest likelihood of occurrence.

lThe authors wish to gratefully acknowledge the assistance of Robert A.
Crovelli, U.S. Geological Survey, who devised probabilistic methodology, for
processing the estimates in this report.
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These conditional estimates determined for each assessed area a conditional
probability distribution of the quantity of undiscovered oil (or gas) in-
place. The conditional probability distribution is the probability
distribution of the quantity of undiscovered in-place resource conditioned on
the in-place resource being present. A lognormal distribution was used as a
probability model for the conditional probability distribution.

In the initial resource estimate of the assessed areas, a condition was
made that the defined resource is present in "some" quantity. This condition
cannot be made with certainty in frontier areas, such as the Gulf of Mexico
study area, in which no oil or gas, other than shows and seeps, has been
discovered to date. Therefore, a probability had to be assigned to the
condition that the resource is present in some quantity; this probability, or
risk, is called the marginal probability (M.P.). For the estimates in each
assessed area, a marginal probability was assigned by the assessors to the
event "in-place oil is present" and to the event "in-place gas is present.”
An arbitrary cutoff of the size of oil and gas accumulations considered in
making estimates was 1 million barrels of oil in-place and 2.5 billion cubic
feet of gas in-place, respectively. The marginal probabilities are shown in
table 3.

The marginal probability for each assessed area was applied to the
corresponding conditional probability distribution to produce the probability
distribution of the quantity of undiscovered in-place resource. For distin-
guishing purposes, this distribution is informally referred to as the
unconditional probability distribution. Each probability distribution was
described by means of a more than cumulative distribution function, which

gives the probability of more than a specific amount. From this function the
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low (F95), high (Fg5), and mean estimates for each assessed area were obtained
(table 3).

To arrive at total resource estimates for the entire study area, an
aggregation of the six assessment areas was done by a Monte Carlo technique.
The resulting aggregate probability distribution represents the probability
distribution of the total quantity of undiscovered oil (or gas) in-place.
From this distribution, the Zlow (F95), high (Fg), and mean estimates for the
total study area were obtained (table 3). The probability curves for these
estimates are shown in figures 25, 26, and 27, and the aggregation estimates

for the total area of study are shown in figure 28.

Summary
The highest estimate of undiscovered in-place resources in the Gulf of
Mexico study area is that in the Abyssal Gulf Basin assessment area, which is
influenced to a great degree by its large areal size and volume of sediment
(tables 2, 3). However, the smaller Perdido Foldbelt and Sigsbee Knolls
assessment areas have higher hydrocarbon "richness" factors when the estimated
amounts of oil and gas are compared with both their relatively small areas and

sediment volumes.
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